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ABSTRACT
We study the influence of density-dependent symmetry energy at high densities in simulations of core-
collapse supernova, black hole formation and proto-neutron star cooling by extending the relativistic
mean field (RMF) theory used for the Shen EOS table. We adopt the extended RMF theory to examine
the density dependence of the symmetry energy with a small value of the slope parameter L, while the
original properties of the symmetric nuclear matter are unchanged. In order to assess matter effects
at high densities, we perform numerical simulations of gravitational collapse of massive stars adopting
the EOS table at high densities beyond 1014 g/cm3 with the small L value, which is in accord with
the experimental and observational constraints, and compare them with the results obtained by using
the Shen EOS. Numerical results for 11.2M and 15M stars exhibit minor effects around the core
bounce and in the following evolution for 200 ms. Numerical results for 40M and 50M stars reveal
a shorter duration toward the black hole formation with a smaller maximum mass for the small L
case. Numerical simulations of proto-neutron star cooling through neutrino emissions demonstrate
increasing effects of the symmetry energy over 10 s due to neutron-rich environment at late phase.
Neutrino cooling drastically proceeds in a relatively long time scale with high luminosities and average
energies due to hot and high density central object for the small L case. Evolution toward the cold
neutron star is affected because of the different behavior of neutron-rich matter under the change in
the symmetry energy at high densities. In contrast, supernova dynamics around core bounce takes
place similarly in less neutron-rich environment since the symmetric nuclear matter remains the same.
Keywords: equation of state — supernovae: general — stars: neutron — stars: black holes — neutrinos
1. INTRODUCTION
Properties of hot and dense matter are central to every stage of the stellar death and the birth of compact objects.
The fate of massive stars relies on the equation of state (EOS) of highly compressed matter, which determines explosion
or collapse through stellar stability and hydrodynamics. Core-collapse supernovae are driven by sudden repulsion of
matter beyond the nuclear matter density in the gravitational collapse of iron core at the center of massive stars
(Bethe 1990). Outcome of the propagating shock wave, which is launched by the bounce of central core, depends on
the thermodynamical properties of hot and dense matter in a non-trivial way of neutrino-matter coupled problems
(Kotake et al. 2012; Janka 2012; Burrows 2013; Janka 2017). The birth of compact objects (neutron star or black
hole) is crucially determined by the EOS through its maximum stable configuration as the threshold. Hence, the role
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of dense matter in core-collapse supernovae has been one of remaining issues in the study of explosion mechanism for
many decades (Oertel et al. 2017).
The role of EOS in supernovae has been explored along with the progress of studies on hot and dense matter
because of many aspects of uncertainties at the wide variety of extreme conditions. Early studies focused on the
behavior of uniform matter around the nuclear matter density in terms of parameters in a functional form of EOS.
They systematically clarified the role of stiffness of EOS on explosions through the degree of compression during the
core bounce (Baron et al. 1985; Takahara & Sato 1988). It has become an intuitive view that a softer EOS leads to a
higher compression to release a larger gravitational energy, which is favorable for successful explosions.
It has been a difficult task to investigate the influence in greater detail due to the limitation of EOS designed
for numerical simulations for hydrodynamics and neutrino transport. Main complication is consistent description of
uniform and non-uniform matter to provide various quantities of thermodynamics by covering the wide range of density,
composition and temperature. One has to construct the framework to describe nuclear matter from nuclear interactions
and to apply it to the various phases of matter as gas and liquid. Such construction of the EOS for supernovae has been
made by extension of Baron et al. (1985); Bethe et al. (1979) based on the non-relativistic effective nuclear interaction
(Lattimer & Swesty 1991) (See also (Hillebrandt et al. 1984)) and has been uniquely used in supernova simulations
at the early stage. The influence of the EOS on the early phase of evolution of shock wave after the bounce has been
studied by utilizing the choice of the incompressibility (Thompson et al. 2003).
Additional construction of the EOS table for supernova simulations has been later made in the relativistic mean
field (RMF) theory (Shen et al. 1998a,b) in addition to the Lattimer-Swesty EOS. The Shen EOS has been used to
examine the influence of the EOS (Sumiyoshi et al. 2005) having a different form of supernova EOS. It has been
demonstrated that the EOS effect at high densities is not so drastic and evolves in a delicate manner through the
coupling of neutrinos and matter. Properties of non-uniform matter at low densities are also important since mixed
composition of nucleons and nuclei is essential to delineate the reactions and transport of neutrinos. The neutrino
heating mechanism (Bethe & Wilson 1985), which is most credible among various scenarios of explosions, proceeds
through emissions of neutrinos from the compact object and absorption of neutrinos in ambient material behind the
shock wave.
Extensive studies of the supernova EOS have been made by extending these frameworks to investigate the EOS
effects in the neutrino-driven supernovae. Revisions of the RMF theory have been made by modifications of the
effective nuclear interaction to improve the agreement with the nuclear experiments and neutron star observations
(Shen et al. 2011a; Hempel et al. 2012; Steiner et al. 2013). The mixture of nuclei instead of a simple approximation
with single species of nuclei has been described in modern sets of supernova EOS tables (Hempel & Schaffner-Bielich
2010; Furusawa et al. 2011, 2017a). Microscopic approaches of nuclear many-body theories have been also applied to
construct the EOS data table (Togashi et al. 2017; Furusawa et al. 2017b; Schneider et al. 2019a; Furusawa et al. 2019).
Exploration in the variations of EOS is also made by changing parameters in the functional form of the Lattimer-
Swesty EOS (Schneider et al. 2017, 2019b; Yasin et al. 2018). (See (Oertel et al. 2017) for a comprehensive list of the
supernova EOS)
These sets of supernova EOS have been utilized to explore the influence of EOS in the numerical simulations of
core-collapse supernovae. Under the spherical symmetry, the EOS influence on dynamics from core bounce to stall of
shock wave (Sumiyoshi et al. 2005; Hempel et al. 2012; Steiner et al. 2013) and the formation of black hole (Sumiyoshi
et al. 2006, 2007; Nakazato et al. 2010a; O’Connor & Ott 2011) from massive stars has been studied in detail. In these
studies, the emission of neutrinos is also examined in the variations of the EOS. Supernova neutrinos from the cooling
of proto-neutron stars have been studied to examine the EOS effect by adopting the EOS tables (Sumiyoshi et al. 1995;
Pons et al. 1999; Nakazato et al. 2018; Nakazato & Suzuki 2019). The effect of symmetry energy on convection in
proto-neutron stars is studied and its associated feature in neutrino emission is proposed (Roberts et al. 2012). Since
the importance of hydrodynamical instabilities has been elucidated in the explosion mechanism, the role of EOS has
been studied in numerical simulations in multi-dimensions (Marek et al. 2009; Janka 2012; Suwa et al. 2013; Couch
2013; Fischer et al. 2014; Pan et al. 2018; Nagakura et al. 2018; Schneider et al. 2019b). In these studies in 2D,
common tendency of favorable conditions for explosion is implied for a softer EOS in the available sets. A systematic
modification of the effective mass has been recently explored in 3D simulations (Schneider et al. 2019b). Further
studies on EOS influence are required to sort out intertwined processes of the neutrino transport and hydrodynamical
instabilities.
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We focus on the extension of EOS tables by Shen et al. (1998a,b, 2011b) with modifications of nuclear interactions
and explore influence of the density-dependent symmetry energy on the core-collapse supernovae and proto-neutron
stars. The Shen EOS tables have been widely adopted in astrophysical simulations together with the Lattimer-Swesty
EOS as one of the benchmark tests. It is also used to provide a set of the prediction of neutrino burst in the supernova
neutrino database by numerical simulations of core-collapse supernovae, proto-neutron star cooling and the black hole
formation (Sumiyoshi et al. 2007; Nakazato et al. 2013a). The RMF theory used in the Shen EOS is extended to
develope the EOS tables by including extra degree of freedoms of pions, hyperons and quarks (Ishizuka et al. 2008;
Nakazato et al. 2008, 2010b, 2012). The extended version of the EOS table with the mixture of nuclei is constructed
by describing the multi-composition under the nuclear statistical equilibrium (Furusawa et al. 2011, 2013b, 2017a) and
is applied to the multi-dimensional core-collapse simulations (Nagakura et al. 2018).
While there are wide applications to simulations, one of the issues to improve the series of Shen EOS tables is strong
influence of the symmetry energy, which is common in the relativistic many-body theories. It has been often pointed
out that the value of the symmetry energy of Shen EOS at the nuclear saturation is large as compared with the nuclear
experiments. Furthermore the resulting neutron star EOS provides too large radii as compared with extracted values
of neutron star radii from X-ray observations (see (Fortin et al. 2015) for example). The detection of gravitational wave
from neutron star merger GW170817 provides new constrains on the tidal deformability (Abbott et al. 2018), which
also restricts the neutron star radii, statistically excluding the predictions of neutron stars by Shen EOS. Although
isovector part of the nuclear interactions of RMF extended from the original Shen EOS has been studied (Shen et al.
1997) despite the lack of experimental data at that time, there is room for improvement of the density dependence of
symmetry energy with the current acquaintance.
Recently, the density dependence of the symmetry energy in the RMF has been studied systematically (Bao &
Shen 2014; Bao et al. 2014; Bao & Shen 2015; Hu et al. 2019). They extended the RMF by adding a coupling term
between vector meson and isovector-vector meson to assess the effects of the symmetry energy while the properties of
symmetric matter are unchanged. This modification is advantageous to explore the properties of neutron-rich matter
for neutron stars and supernovae since the properties of finite nuclei are well reproduced by the RMF with the TM1
parameterization for the Shen EOS. They explored effects of the symmetry energy on properties of neutron star crusts
by systematically changing the slope parameter of symmetry energy, L, from 110.8 MeV to 40 MeV. By changing the
value of the slope parameter with the fixed symmetry energy at a certain density, it is possible to explore the density
dependence of the symmetry energy at low and high densities with a satisfactory description of nuclei.
We utilize this method of modification to examine the behavior of symmetry energy used in the Shen EOS. It
was pointed out that the slope parameter of the RMF with TM1, L = 110.8 MeV, is too large as compared to the
recent nuclear experiments of symmetry energy (Baldo & Burgio 2016; Li et al. 2019) (See also Tamii et al. (2014)
on experiments, for example). By choosing the low value of slope parameter, L = 40 MeV, which is well within the
experimental constraints, one can provides a slow increase of the symmetry energy in contrast to the rapid increase
in the original Shen EOS under the same behavior of symmetric nuclear matter. It also results in a small radius of
neutron stars as well as a suitable value of the tidal deformability within the observational constraints (See also (Hu
et al. 2019) for details) while the maximum mass remains similar.
In order to explore the density dependence of the symmetry energy in astrophysical simulations, we construct a
data table of EOS for uniform matter at finite temperature with the same modification to L value from the RMF
with TM1. We prepare a modified Shen EOS table with low L value for uniform matter at densities above ∼ 1014
g/cm3 with the usage of the Shen EOS for low densities, where non-uniform matter of nucleons appears. By switching
only the uniform matter, we clarify the influence of the symmetry energy at high densities with respect to the results
adopting the original Shen EOS. Revisions of the Shen EOS table for the whole density range with the Thomas-Fermi
calculations and the nuclear statistical equilibrium are undertaken by Shen et al. and Furusawa et al. and will be
published elsewhere. Influence of the symmetry energy from uniform and non-uniform matter will be studied by
adopting the revised Shen EOS table in future.
By adopting the two EOS tables, the modified Shen EOS with L = 40 MeV and the original Shen EOS, we study
the influence of the density dependence of symmetry energy on core-collapse supernovae, black hole formation and
proto-neutron stars. By switching uniform matter with low and high L values, we solely extract the effects of symmetry
energy in central core under the same condition of outer layer of non-uniform matter where the information of mixture
of nucleons and nuclei is also important. We perform spherically symmetric numerical simulations of the neutrino-
radiation hydrodynamics of central core in massive stars. By adopting a set of progenitor models, we explore the
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post-bounce behavior of supernova core as well as the formation of black hole. We also perform the thermal evolution
of proto-neutron stars just born at the center through emission of supernova neutrinos.
We demonstrate that the EOS difference is moderate in the evolution of the shock wave after the bounce and becomes
notable in the late phase of proto-neutron star cooling. This is because the properties of hot and dense matter in
the two EOS sets are similar for relatively large proton fraction at moderate density right after the core bounce and
become different for neutron-rich conditions toward the formation of neutron stars. The timing of the formation of
black hole from massive stars is found different due to the different maximum mass for the massive proto-neutron
stars.
This article is arranged as follows. We describe the EOS based on the RMF theory for numerical simulations in §2
with a brief summary on modification from the Shen EOS and its consequence to the properties of neutron stars. After
describing the setup of numerical simulations in §3 for core collapse of massive stars and thermal evolution of proto-
neutron stars, we report the comparison of numerical results with the two sets of EOS table in post-bounce evolution,
black hole formation and proto-neutron star cooling in §4. We discuss the influence of the density dependence of
symmetry energy in §5 and summarize the article in §6.
2. EQUATION OF STATE FOR SUPERNOVAE
2.1. Relativistic mean field theory
The Shen EOS table is constructed based on the relativistic mean field (RMF) theory and a local density approxima-
tion to describe uniform matter and non-uniform matter, respectively, in supernovae. The RMF theory is an effective
theory of relativistic nuclear many-body system starting from a Lagrangian, which describes nucleons interacting via
the exchange of various mesons, and has been popularly used for description of nuclei and nuclear matter (Serot
& Walecka 1986). The form of Lagrangian of RMF theory for the Shen EOS is motivated by the Dirac Bru¨ckner
Hatree-Fock (DBHF) theory. The DBHF theory is a microscopic many-body framework, which describes the nuclear
saturation properties starting from the nucleon-nucleon interaction, by utilizing the Dirac equation together with self-
energies and the G-matrix (Brockmann & Machleidt 1990). The Lagrangian includes non-linear terms of scalar and
vector mesons to reproduce the value of incompressiblity at the saturation density and to describe the behavior of
scalar and vector potentials in the DBHF theory. The parameters of the Lagrangian, TM1, are determined by the
global fitting of nuclear masses and radii for stable nuclei (Sugahara & Toki 1994) and have been examined by the
neutron skin of neutron-rich nuclei (Suzuki et al. 1995). Resulting properties of matter in neutron stars and supernovae
have been reported in Sumiyoshi et al. (1995a, 2004). It is to be noted that the relativistic many-body frameworks
such as the RMF ensures the causality of sound speed, which is often problematic in non-relativistic counterparts.
We adopt the extended Lagrangian of the Shen EOS to describe the density dependence of symmetry energy by
adding a coupling term of vector meson and isovector-vector meson (Fattoyev et al. 2010; Bao & Shen 2014). The
nucleonic Lagrangian density is composed of the isoscalar scalar and vector mesons (σ and ω) and the isovector vector
meson (ρ) and reads
LRMF =
∑
i=p,n
ψ¯i
[
iγµ∂
µ − (M + gσσ)− γµ
(
gωω
µ +
gρ
2
τaρ
aµ
)]
ψi
+
1
2
∂µσ∂
µσ − 1
2
m2σσ
2 − 1
3
g2σ
3 − 1
4
g3σ
4
−1
4
WµνW
µν +
1
2
m2ωωµω
µ +
1
4
c3 (ωµω
µ)
2
−1
4
RaµνR
aµν +
1
2
m2ρρ
a
µρ
aµ + Λv
(
g2ωωµω
µ
) (
g2ρρ
a
µρ
aµ
)
, (1)
whereWµν and Raµν are the antisymmetric field tensors for ωµ and ρaµ, respectively1. In the mean field approximation,
the meson fields are treated as classical fields and the field operators are replaced by their expectation values. We
derive the equations of motion for the mean fields of mesons and the Dirac equation for nucleons under the influence
of meson fields. They are coupled each other and solved in a self-consistent manner. For a static and uniform system,
non-vanishing components are σ = 〈σ〉, ω = 〈ω0〉, and ρ = 〈ρ30〉.
1 Note that the coupling constant for isovector vector meson, gρ is different with a factor 2 from the one in Sumiyoshi et al. (1995a). We
follow here the convention of Bao & Shen (2014).
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For uniform matter, the energy density is given by
ε=
∑
i=p,n
1
pi2
∫ ∞
0
dk k2
√
k2 +M∗2
(
fki+ + f
k
i−
)
+
1
2
m2σσ
2 +
1
3
g2σ
3 +
1
4
g3σ
4
+
1
2
m2ωω
2 +
3
4
c3ω
4 +
1
2
m2ρρ
2 + 3Λv
(
g2ωω
2
) (
g2ρρ
2
)
, (2)
and the pressure is given by
P =
∑
i=p,n
1
3pi2
∫ ∞
0
dk k2
k2√
k2 +M∗2
(
fki+ + f
k
i−
)
−1
2
m2σσ
2 − 1
3
g2σ
3 − 1
4
g3σ
4
+
1
2
m2ωω
2 +
1
4
c3ω
4 +
1
2
m2ρρ
2 + Λv
(
g2ωω
2
) (
g2ρρ
2
)
. (3)
Here M∗ = M + gσσ is the effective nucleon mass. fki+ and f
k
i− (i = p, n) are the occupation probabilities of nucleon
and antinucleon at momentum k. At zero temperature, we set fki+ = 1 up to the Fermi momentum, which corresponds
to the chemical potential (See also Eqs. (4) and (6) below), otherwise zero and fki− = 0.
The additional ω-ρ coupling term of Lagrangian effectively provides a density-dependent coupling constants between
isovector meson and nucleon leading to flexibility to change the density dependence from the linear growth of symmetry
energy. By choosing the strength of coupling constants gρ and Λv for isovector parts, it is possible to adjust the slope
parameter of symmetry energy at the saturation density and its behavior at low and high densities. This modification
can be also used to improve the properties of neutron matter at low density, where there are constraints from the
microscopic many-body theories (Gandolfi et al. 2015; Tews et al. 2017). The energy of neutron matter in TM1 tends
to be small at low density and large at high density due to the linear increase of symmetry energy.
It is advantageous that the extended RMF theory reproduces the properties of stable nuclei even after the modifica-
tion of the density dependence of symmetry energy. By determining the parameters for the isovector interactions by
fixing the symmetry energy at a density of 0.11 fm−3, which is slightly lower than the saturation density, the binding
energy of 208Pb is reproduced equally well under a wide variation of the slope parameter from L = 40 MeV to 110.8
MeV (Bao et al. 2014). The symmetry energy, Esym, at the saturation density is accordingly determined by the choice
of L. The thickness of neutron skin for 208Pb is shown to be dependent on the value of L so that it will be examined
by future experiments in a more precise manner.
We adopt a choice of L = 40 MeV (Esym =31.38 MeV), which is well within the experimental constraints, for a new
construction of the revised Shen EOS and explore differences from the one with L = 110.8 MeV (Esym =36.89 MeV).
The EOS with L = 40 MeV is denoted by TM1e, which is extended version of TM1. These two values are the two
extremes in the range studied by Bao & Shen (2014); Bao et al. (2014); Bao & Shen (2015) and cover an enough wide
range to survey the effect of symmetry energy. The coupling constants for TM1 and TM1e are listed in Bao & Shen
(2014).
In Figure 1, the behavior of energies of nuclear matter for the two cases of L is shown as a function of nucleon density.
At high densities, the energy per nucleon of neutron matter for L = 40 MeV is smaller than that for L = 110.8 MeV.
The energy per nucleon of neutron matter for L = 40 MeV at low densities is slightly increased, being closer to the
microscopic evaluations. In contrast, those of symmetric nuclear matter are the same with the common saturation
point. The incompressiblity of symmetric matter for the two cases is 281 MeV. It is convenient that one can explore
modifications of neutron-rich matter under the same properties of symmetry nuclear matter so that one can take out
influence of the isovector part of nuclear interaction. The symmetry energy for TM1e is smaller at high densities and
larger at low densities with respect to those for TM1 with the linear growth. The resulting EOS with TM1e is softer
than that with TM1 and provides different properties of neutron stars as discussed in §2.2.
The extension of RMF to finite temperature is done in the same way as in the Shen EOS (Serot & Walecka 1986;
Sumiyoshi & Toki 1994; Shen et al. 1998a,b). The occupation probability in the summation of states is replaced
by the Fermi-Dirac distribution at the temperature and the chemical potentials for nucleons and anti-nucleons. The
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Figure 1. Energy per nucleon of symmetric nuclear matter and neutron matter (left) and symmetry energy (right) as a function
of nucleon density. The results for TM1 and TM1e are shown by blue and red lines, respectively.
Fermi-Dirac distribution is given by
fki± =
{
1 + exp
[(√
k2 +M∗2 ∓ νi
)
/T
]}−1
, (4)
where
νi = µi − gωω − gρ
2
τ3i ρ (5)
and + and − signs denote nucleon and anti-nucleon, repectively. The number density of protons (i = p) or neutrons
(i = n) is calculated by
ni =
1
pi2
∫ ∞
0
dk k2
(
fki+ − fki−
)
. (6)
The entropy density is obtained by
s=−
∑
i=p,n
1
pi2
∫ ∞
0
dk k2
[
fki+ ln f
k
i+ +
(
1− fki+
)
ln
(
1− fki+
)
+fki− ln f
k
i− +
(
1− fki−
)
ln
(
1− fki−
)]
, (7)
using the occupation probablities. Note that contributions from the scalar and vector mesons are involved in the
evaluation of quantities at finite temperature through the Fermi-Dirac distributions treating the effective mass and
the chemical potentials (also Sumiyoshi et al. (1995)). We constructed the data table of thermodynamical quantities
of uniform matter according to the format of the Shen EOS for high density part. The format of grid points of density,
electron fraction and temperature follows the one in Shen et al. (2011b) except for the limited density range above 1014
g/cm3. The data table of Shen EOS is utilized for the low density part with the description of non-uniform matter
to smoothly connect around 1014.1 g/cm3 to the high density part of the EOS table with TM1e. In this way, we can
explore solely the effect of symmetry energy of uniform matter at high densities.
2.2. Influence of EOS on neutron stars
Influence of the density-dependence of symmetry energy has been studied under the variations of L from 40 MeV
to 110.8 MeV in Bao & Shen (2014); Bao et al. (2014); Bao & Shen (2015). Regarding the properties of neutron
star crusts, it has been shown that the neutron drip density and the composition of the crust are affected by the
density-dependence of symmetry energy. The neutron drip density increases with the value of L because of a large
L corresponds to a small neutron chemical potential µn at subnuclear densities. The crust-core transition and pasta
phase are shown to be sensitive to the slope of symmetry energy. The density range of pasta phase is wider with more
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various shapes for a small L as compared to the case with a large L through the change in volume fraction of nuclei
and in proton fraction.
Influence on the bulk properties of neutron star structure under the variation of L is studied in the same variation
of RMF (Hu et al. 2019). Here we briefly summarize the change of neutron star properties for the EOSs with two L
values. Properties of neutron star matter are calculated by assuming the beta stable equilibrium and charge neutrality
with the Thomas-Fermi approximation for crust region (see Hu et al. (2019) for details). In Figure 2, a series of
neutron stars with TM1e has higher central densities than the corresponding neutron stars with TM1, reflecting a
character of the softness of neutron matter seen in Fig. 1. The maximum mass with TM1e is above 2M, similarly
to TM1, satisfying the observational constraint on masses. Neutron star radii with TM1e are smaller than those with
TM1. The newly obtained radii match well with the observational constraints in contrast to the large radii with TM1.
The tidal deformabitlity for TM1e is accordingly in accord with the constraint from the observation of gravitational
wave (Abbott et al. 2018; Hu et al. 2019).
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Figure 2. Gravitational mass of neutron stars as a function of central mass density (left) and radius (right) for EOS with
TM1 (blue) and TM1e (red). Constraints on masses from the pulsar observation (Antoniadis et al. 2013) and the range of radii
derived by the gravitational wave detection is shown by the hatched area (Abbott et al. 2018).
3. SETUP OF NUMERICAL SIMULATIONS
3.1. Core collapse of massive stars
We perform spherically symmetric numerical simulations of neutrino-radiation hydrodynamics of massive stars in
general relativity. The numerical code handles a set of equations for hydrodynamics and neutrino transfer by solving
the Boltzmann equation by the Sn method in a fully implicit manner. The data table of EOS is implemented in the
code together with the neutrino reaction rates based on Bruenn (1985) and its extension. (See (Sumiyoshi et al. 2005)
for details.) Variety of the EOS tables have been applied to explore the role of hot dense matter (Sumiyoshi et al. 2005;
Togashi et al. 2014) using this code2. Some of models studied so far with the Shen EOS are utilized as the baseline
model as described below. In order to make simple comparisons with the previous models, we adopt the same set of
neutrino reactions, which are rather simple as compared with the modern set of neutrino reactions (See Lentz et al.
(2012); Kotake et al. (2018); Nagakura et al. (2019), for example). The four species of neutrinos are separately treated
as νe, ν¯e, νµ/τ and ν¯µ/τ . Here νµ/τ denotes the neutrinos of µ- and τ -types and ν¯µ/τ denotes the anti-neutrinos of µ-
and τ -types.
Extensive studies of gravitational collapse of massive stars have been made to explore the outcome of core-collapse
supernovae as well as the black hole formation. Starting with the gravitational collapse of iron core of massive stars,
we follow the evolution of the shock wave after the bounce as well as the evolution of proto-neutron star just born at
2 Application of EOS tables in the numerical code for the black hole formation can be found in Sumiyoshi et al. (2006); Sumiyoshi et al.
(2009); Nakazato et al. (2010a,b, 2012, 2013b)
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the center. It is well known in this type of first-principle type calculations that the explosion does not occur under the
spherical symmetry (Liebendo¨rfer et al. 2001; Sumiyoshi et al. 2005) except for the special conditions (Fischer et al.
2011; Takahashi et al. 2019). In a certain class of massive stars, the accretion of matter intensely continues, so that
a proto-neutron star becomes further massive and eventually re-collapse to the black hole (Liebendo¨rfer et al. 2004;
Sumiyoshi et al. 2006; O’Connor & Ott 2011). The numerical code is utilized to reveal also the properties of neutrino
emission during the evolution and provides the basic data for observation of supernova neutrinos bursts (Nakazato
et al. 2013a; Suwa et al. 2019) and diffuse supernova neutrinos background (Nakazato 2013; Nakazato et al. 2015;
Yu¨ksel & Kistler 2015; Horiuchi et al. 2018).
We explore influence of the symmetry energy in the evolution from the gravitational collapse of massive stars of
15M and 40M by Woosley & Weaver (1995). We explore also the cases with massive stars of 11.2M and 15M
(Woosley et al. 2002) as well as a massive star of 50M by Tominaga et al. (2007) to explore whether the influence is
general. The massive stars of 40M and 50M are adopted to examine the case of black hole formations. We newly
performed numerical simulations with the EOS of TM1e for all models listed above.
We reanalyze the results of numerical simulations with the EOS of TM1 for massive stars of 15M and 40M by
Woosley & Weaver (1995) and 50M by Tominaga et al. (2007), which are reported in the articles (Sumiyoshi et al.
2005, 2007, 2008). We additionally performed numerical simulations with the EOS of TM1 for massive stars of 11.2M
and 15M (Woosley et al. 2002).
For comparison, we adopt 255 nonuniform spatial zones in mass coordinate for the radial direction with 6 angle
zones and 14 energy zones as the default resolution which has been adopted for previous simulations. We utilize the
regrid method to resolve the accretion of matter in the case of black hole formation. In the new models of black hole
formation, we adopt 511 nonuniform spatial zones by remapping of grids to capture the slow accretion of matter in
the late stage at ∼0.5 s after bounce.
3.2. Proto-neutron star cooling
We perform spherically symmetric numerical simulations of the thermal evolution of proto-neutron star in general
relativity. The numerical code solves a set of equations for quasi-hydrostatic structure of proto-neutron stars together
with thermal and compositional evolution through neutrino transfer by the flux-limited diffusion approximation (Suzuki
1994; Nakazato et al. 2013a). We follow the cooling of proto-neutron stars through neutrino emission starting from
the configuration soon after the core bounce. The data table of EOS is implemented in the code with a basic set of
neutrino reactions, which corresponds to the reaction set used in the core-collapse simulations described above §3.1.
The three species of neutrinos are separately treated as νe, ν¯e and νx, where νµ, ν¯µ, ντ and ν¯τ are collectively treated as
νx. This code has been used to provide the supernova neutrino database (Nakazato et al. 2013a; Suwa et al. 2019) and
to explore the influence of EOS (Sumiyoshi et al. 1995; Nakazato et al. 2018; Nakazato & Suzuki 2019) and neutrino
reactions (Suzuki 1993).
The initial model is given by fixing the distribution of the entropy S and electron fraction Ye as a function of the
mass coordinate taken from a numerical simulation of core-collapse supernovae in the same way as in Nakazato et al.
(2018). The initial S and Ye distributions are taken from the profile at 0.3 s after the core bounce of the 15M star
with the Shen EOS3. We setup initial neutrino distributions through relaxing evolution so that the steady flow of
neutrinos is achieved by fixing S and Ye distributions under the hydrostatic structure for each case of EOS table.
This profile is used as a typical situation for the nascent proto-neutron star. In principle, the initial profiles should be
taken from the core-collapse simulations covering from the collapse of massive star to the successful explosion for the
rigorous comparison of various sets of EOS. However, the consistently connecting simulation is not simple because of
non-explosion under the spherical symmetry. Hence, we fix the common profile for the two EOS cases and examine
the influence after the birth. In fact, as we will show in §4.1, the proto-neutron stars born at the center are quite
similar each other for the TM1 and TM1e EOS. Hence, the start of the common initial profiles for proto-neutron star
evolution is permitted as long as we explore the long-term effect of evolution over 10 s.
4. NUMERICAL RESULTS
4.1. Post bounce evolution
3 These S and Ye profiles are identical to those for the initial model with the Shen EOS in Nakazato et al. (2018).
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We start with the numerical results for the gravitational collapse and core bounce of the 15M star by Woosley &
Weaver (1995) using the TM1e EOS in conjunction with the TM1 EOS. In Figure 3, radial trajectories of fluid element
are plotted with the position of shock wave as a function of time after the core bounce. The shock wave is launched
beyond 100 km and stalls around there without any sign of the revival for explosion. The evolution of shock wave is
nearly the same as in the case with the TM1 EOS (Sumiyoshi et al. 2005). Note that the evolution of the gravitational
collapse up to the point when the central density exceeds over 1014 g/cm3 is common and the EOS is switched to the
TM1e. Therefore, we solely examine the influence of different behavior of the symmetry energy in uniform matter.
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Figure 3. Trajectories of gravitational collapse and core bounce of central core of the 15M star with the TM1e EOS. Radial
positions of fluid elements at baryon mass coordinate are shown as a function of the time after bounce. The radial positions are
plotted for 0.02M and 0.01M spacing inside and outside 1.2M, respectively, in the mass coordinate. Position of shock wave
is also plotted by dashed line.
The difference between the TM1 and TM1e EOSs is small at the core bounce and appears in the limited central
region. The central density for the TM1e is slightly higher than that for the TM1 due to the softness. Accordingly
the temperature for the TM1e is higher as seen in Fig. 4. The lepton fraction is the same for the two cases as in
Fig. 5 because of the common evolution of gravitational collapse. The electron fraction in the central region with the
TM1e is slightly smaller because the smaller symmetry energy at high densities allows a smaller proton fraction. The
size of the bounce core remains the same having the same fraction of trapped leptons. The positions of the shock
wave at the core bounce are almost the same as can be seen in Fig. 5 and in the position of temperature peak in Fig.
4. Differences of the core bounce turn out to be small because the density is not so high and the proton fraction is
still around 0.3. The nuclear matter just above the saturation density is not so neutron-rich to have large differences.
Hence, the initial situations of shock wave for different symmetry energies are similar as long as the uniform matter
at high densities is concerned. It should be noted that effects of symmetry energy can appear during the gravitational
collapse through electron captures on protons and nuclei.
Tendency of small differences continues for several hundred milliseconds after the core bounce. In Figure 6, we
show the profiles of the central core of the 15M star at 200 ms after core bounce. Density profiles are similar with
a slight difference of central densities, 3.4×1014 g/cm3 and 3.6×1014 g/cm3 for TM1 and TM1e cases, respectively.
The temperature for TM1e is slightly higher than that for TM1 in the central part of a nascent proto-neutron star
just born. Profiles of lepton fraction are similar for two cases with a slight difference for proton fractions due to the
symmetry energy effect mentioned above. The compositions inside the proto-neutron star are similar with a slight
difference in proton and neutron fractions accordingly.
In the current study for the influence of uniform matter, the profiles of proto-neutron star are similar at the initial
stage. In Fig. 7, we show the profiles of the electron fraction and entropy per baryon at 200 ms after the bounce as
a function of baryon mass coordinate. The two profiles are similar except for slight differences inside ∼0.5M. This
fact supports our usage of the common initial condition for proto-neutron star cooling in §4.3.
Because of the similar evolution of central cores, emission of neutrinos during the collapse and post-bounce proceeds
in nearly the same way for both cases. Figure 8 displays the luminosities and average energies of neutrinos emitted
from the central core of the 15M star. The neutrino signals for the two cases are hardly discernible in the early
phase for ∼200 ms after the core bounce. This is because we follow the same evolution during the collapse and the
outer profiles for neutrino emissions at ∼ 1011 g/cm3 are the same even for a while after bounce. It would take a
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Figure 4. Profiles of mass density (left) and temperature (right) at the core bounce are shown as a function of radius for the
models of the 15M star with the TM1 (blue) and TM1e (red) EOSs.
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Figure 5. Profiles of lepton fractions (left) and velocity (right) at the core bounce are shown as a function of baryon mass
coordinate for the models of the 15M star with the TM1 (blue) and TM1e (red) EOSs. In the left panel, the solid, thin solid
and dashed lines denote the lepton, electron and electron-type neutrino fractions, respectively.
long time over 1 s to see the difference through the diffusion of neutrinos inside the central region. In the evolution of
proto-neutron stars (§4.3), the influence will be more enhanced when the matter becomes more dense and neutron-rich
after the deleptonization.
The effects of the symmetry energy are seen in the same way for additional models of massive stars. We examined the
numerical results for the 11.2M and 15M stars by Woosley et al. (2002) to check the similarity and difference using
the TM1 and TM1e EOSs. We found the the overall dynamics from the core bounce to the stall of shock propagation
is similar each other between the two EOS cases. The profiles at the core bounce have only small differences, as in
the case of 15M star, having larger densities and temperatures and smaller electron fractions at center in TM1e.
The difference of temperature in the central part is seen modestly among them, but remains less than ∼2 MeV. We
show in Fig. 9 the profiles of density and temperature at 200 ms after bounce for the 11.2M and 15M stars with
two EOSs. The central density and temperature for TM1e are higher than those for TM1 for the two massive star
models. These differences are confined inside 10 km where the density is higher than 1014 g/cm3. Note that the
baryon mass of central object (i.e. newly born proto-neutron star) varies depending on the profile of massive stars
through the accretion rate. The baryon mass inside 1011 g/cm3 is 1.31M and 1.53M in the 11.2M and 15M
stars4, respectively, for both EOSs. The central density and temperature for the 15M star is accordingly higher. The
difference due to the symmetry energy may turn out to be comparable or even less as compared with that due to the
initial model of massive stars. The properties of neutrino emission are almost the same between the two EOSs up to
4 The corresponding value for the 15M star by Woosley & Weaver (1995) is 1.43M.
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Figure 7. Profiles of electron fraction (left) and entropy per baryon (right) at 200 ms after the core bounce are shown as a
function of baryon mass coordinate for the models of the 15M star with the TM1 (blue) and TM1e (red) EOSs.
200 ms after bounce. It is to be noted that the neutrino signals are different for different progenitors and the difference
from EOS effects are much smaller.
4.2. Black hole formation
We first describe the numerical results for core-collapse and post-bounce evolution from the 40M star by Woosley &
Weaver (1995) to explore the influence of the symmetry energy on the black hole formation. In Figure 10, we show the
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Figure 8. Evolution of luminosities and average energies of neutrinos emitted during the collapse and bounce of 15M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Figure 9. Profiles of density (left) and temperature (right) at 200 ms after bounce are shown a function of radius for the case
of 11.2M (solid line) and 15M (dashed line) stars (Woosley et al. 2002) using the TM1 (blue) and TM1e (red) EOS.
radial trajectories of fluid element for the case with TM1e and the baryon mass of proto-neutron star for the two cases
as a function of time after bounce. The general behavior is similar to the case with TM1 except for a shorter duration
till the black hole formation. After the core collapse and bounce, the shock wave stalls due to the intense accretion
of matter and the central object becomes increasingly massive. The proto-neutron star mass, which is defined here
as the mass inside the radius at the density of 1011 g/cm3, increases over 2M at the accretion rate of M˙ ∼0.7M/s.
In TM1e, the central object collapses to black hole at 1.1 s after bounce, which is ∼0.2 s shorter than the TM1 case.
The increasing evolution of the proto-neutron star mass is common for the two EOSs since the accretion rate is mostly
determined by the density profile of massive star. The shorter duration is solely determined by the critical mass of hot
and lepton-rich proto-neutron star, which is in turn determined by the EOS. The smaller maximum mass by the TM1e
EOS leads to the shorter duration than that brought by the TM1 EOS. Note that the critical mass of proto-neutron
stars depends on the lepton fractions and entropy and is different from that of cold neutron stars.
Figure 11 shows the properties of massive proto-neutron stars at 1.0 s after bounce for TM1 and TM1e models.
The proto-neutron star of TM1e is more compact and hotter than that of TM1. Distributions of lepton fraction and
entropy per baryon, which characterize the properties of dense matter, are similar each other except for radial shift.
The electron fraction for TM1e is slightly smaller than that for TM1 because of the small symmetry energy. This
difference of Ye appears at the core bounce and remains until the black hole formation. The difference of temperature
also starts from the core bounce and becomes large at later stages. This causes the difference of neutrino average
energies as will be shown below.
We show in Fig. 12 the time evolution of luminosities and average energies of neutrinos emitted toward the black
hole formation. The neutrino burst lasts for ∼1 s and is terminated at the black hole formation. This character of
short duration can be used to identify the event of black hole formation from massive stars in principle. The average
Influence of density dependence 13
100
101
102
103
104
Ra
diu
s [
km
]
1.51.00.50.0
Time after bounce [sec]
3.0
2.0
1.0
0.0PN
S b
ary
on
 m
ass
 [M
so
lar
]
1.51.00.50.0
Time after bounce [sec]
TM1
TM1e
Figure 10. (left) Trajectories of gravitational collapse, core bounce and re-collapse of central core of 40M star with the TM1e
EOS. Radial positions of fluid element at baryon mass coordinate are shown as a function of time after bounce. The radial
positions are plotted for 0.02M and 0.01M spacing inside and outside 1.5M, respectively, in the mass coordinate. Position
of shock wave is also plotted by dashed line. (right) Baryon mass of proto-neutron star for the TM1 (blue) and TM1e (red)
cases as a function of time after bounce.
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Figure 11. Profiles of density (top left), temperature (top right), electron and lepton fractions (bottom left) and entropy per
baryon (bottom right) of 40M star at 1.0 s after bounce with TM1 (blue) and TM1e (red) as a function of radius. In the
bottom left panel, thick solid, solid, dashed, dotted and dash-dotted lines display the lepton, electron, electron-type neutrino,
electron-type anti-neutrino, µ-type neutrino fractions, respectively.
energies increase due to the rising temperature inside the proto-neutron stars. After the neutronization burst similar
to ordinary supernovae, the electron-type neutrinos and anti-neutrinos are mainly originated from the accretion of
matter while the muon-type (anti-)neutrinos diffuse out from the hot central object. The duration of neutrino burst is
shorter in TM1e than that in TM1 due to the earlier collapse to the black hole. The endpoint of burst is determined by
14 Sumiyoshi et al.
the critical mass of proto-neutron star as discussed above and has dependence on the EOS, i.e. the symmetry energy
in this case.
2.5 x1053
2.0
1.5
1.0
0.5
0.0
Lu
mi
no
sit
y [
erg
/s]
1.51.00.50.0
Time after bounce [sec]
50
40
30
20
10
0A
ve
rag
e e
ne
rgy
 [M
eV
]
1.51.00.50.0
Time after bounce [sec]
TM1
TM1e ν
ν
ν
µ
e
e
-
Figure 12. Evolution of luminosities (left) and average energies (right) of neutrinos emitted during the core bounce toward
the black hole formation of 40M star with TM1 (blue) and TM1e (red) as a function of time after bounce. Quantities for the
three neutrino species, νe, ν¯e, νµ are shown by solid, dashed and dash-dotted lines, respectively. Note that there is a connection
of lines due to the rezoning made at ∼ 0.5 s after bounce for TM1e.
The different duration of neutrino burst seen above can be a probe of the EOS, if the initial profile of central core in
massive stars is given. However, the duration in reality depends on unknown profile of the progenitor (Sumiyoshi et al.
2008). As an example in different progenitors, we examined the numerical results for the 50M star by Tominaga et al.
(2007) to check general tendency of the EOS influence. We found that the behavior of evolution toward the black hole
is common, but the duration is shorter for TM1e than TM1 also in this case. We see different profiles of density and
temperature in the same way as the case for 40M star. Figure 13 shows the profiles of density and temperature at 1
s after bounce for the two EOSs. The massive proto-neutron star for TM1e is more compact and dense having higher
temperature as compared with TM1. Note that the total baryon mass of proto-neutron star is almost the same at this
time snapshot as shown in Fig. 14. The increase of proto-neutron star mass is determined by the profile of progenitor
star and the end point for the black hole formation depends on the EOS as in the above case of 40M star and other
progenitor examples (Sumiyoshi et al. 2008). Accordingly neutrino burst is shorter for TM1e than TM1 as shown in
Fig. 14. Increasing feature of average energies are common for all cases, reflecting the continuing accretion and rising
temperature.
1011
1012
1013
1014
1015
1016
M
ass
 de
ns
ity
 [g
/cm
3 ]
20151050
Radius [km]
100
80
60
40
20
0
Te
mp
era
tur
e [
M
eV
]
20151050
Radius [km]
TM1
TM1e
Figure 13. Profiles of density (left) and temperature (right) at 1 s after bounce are shown a function of radius for the case of
50M stars (Tominaga et al. 2007) using the TM1 (blue) and TM1e (red) EOS.
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4.3. Proto-neutron star cooling
We show in Fig. 15 the initial profiles of lepton fractions and entropy per baryon in the numerical simulations of
proto-neutron star cooling. The distributions of electron fraction and entropy per baryon are used to construct the
initial models for the two sets of EOS, TM1 and TM1e. Since we fix the electron fraction as a common value, the
lepton fraction for TM1e is slightly larger than that for TM1 having a larger neutrino fraction for TM1e. This is due
to differences from the symmetry energy since the neutrino fractions are determined under the chemical equilibrium,
µν = µe + µp − µn. For the case with a small symmetry energy for TM1e at high densities, the difference of chemical
potentials between neutrons and protons, µn − µp becomes small and resulting µν becomes large assuming the same
electron chemical potential.
0.5
0.4
0.3
0.2
0.1
0.0
Y ν
, Y
e, Y
lep
ton
1.51.00.50.0
Mb [Msolar]
20
15
10
5
0En
tro
py
 pe
r b
ary
on
 [k
B]
1.51.00.50.0
Mb [Msolar]
TM1
TM1e
Figure 15. Initial profiles of lepton fractions (left) and entropy per baryon (right) in the proto-neutron star cooling are shown
as a function of baryon mass coordinate. The lepton, electron and net neutrino fractions for TM1 (blue) and TM1e (red) models
are shown by thick solid, solid and dashed lines, respectively, in the left panel. The distributions of electron fraction and entropy
per baryon (black) are used to construct the initial models.
Initial profiles constructed by fixing the electron fraction and entropy per baryon are shown in Fig. 16 for the two
models. Density profiles are closely similar with a central density 3.7× 1014 and 3.9× 1014 g/cm3 for TM1 and TM1e
models, respectively. Temperature inside 10 km for TM1e is slightly higher than that for TM1. The radius of initial
proto-neutron star is ∼34 km at 1011 g/cm3 for both cases. Therefore, the numerical simulations for the two EOSs
start from the very similar profiles.
Influence of the EOS appears in a clear manner through the deleptonization in the proto-neutron star cooling. As the
electron fraction becomes small by neutrino emission (See also Fig. 17), effects of different symmetry energy emerge
in neutron-rich dense matter. The proto-neutron star for TM1e becomes more compact and dense at 20 s having a
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Figure 16. Time evolution of profiles of density (left) and temperature (right) in the proto-neutron star cooling is shown as
a function of radius. Snapshots at 0, 20, 50 s are shown by dashed, solid, dotted lines, respectively, for TM1 (blue) and TM1e
(red) models.
smaller radius than that for TM1 as seen in the left panel of Fig. 16. The temperature for TM1e is distinctly higher
than that for TM1 at 20 s accordingly. The reduction of temperature in the proto-neutron star for TM1e model is
large with high luminosities (See Fig. 18) as compared with TM1 model. Reflecting the different properties of cold
neutron stars seen in §2.2, the late phase of proto-neutron stars ends up with different density profiles having the
central density at 50 s of 4.9× 1014 and 5.8× 1014 g/cm3 for TM1 and TM1e models, respectively.
The degree of deleptonization is more drastic in TM1e than TM1 as can be seen from the comparison of evolution
for 50 s in Fig. 17. The electron fraction decreases from the same initial value and settles down to a smaller value,
Ye = 0.085, at the center for TM1e than Ye = 0.15 for TM1. These values nearly correspond to the values from the
neutrino-less beta equilibrium for cold neutron stars. The drastic deleptonization in TM1e model is apparent having
a quick reduction of the neutrino chemical potential as demonstrated in the bottom panels of Fig. 17. Although the
neutrino chemical potential, which is calculated by the proton, neutron and electron chemical potentials assuming the
beta equilibrium, for TM1e is larger than that for TM1 at the beginning, it reaches about zero, corresponding to the
neutrino-less beta equilibrium, at about 50 s. This effect is brought by the difference in the symmetry energies (i.e.
difference of chemical potentials between neutron and proton mentioned above) at high densities. A large initial value
of the neutrino chemical potential at the center leads also to a large gradient of chemical potential, thus enhancing the
diffusion for the net fluxes of electron-type neutrinos for a small symmetry energy. The current results of influence is
well in accord with the case of linear density dependence of the symmetry energy and for a rapid evolution with long
duration of neutrino emission (Sumiyoshi et al. 1995b).
The differences of thermal evolution seen above appear through different neutrino emission as shown in Fig. 18.
The luminosity for TM1e model becomes higher than that for TM1 due to high temperature during the evolution
over 50 s. The decay of luminosity is slow for TM1e since the density of proto-neutron stars is high and the diffusion
time scale becomes long through short mean free paths. In TM1e model, the change of proto-neutron star through
cooling is drastic with high luminosities by emitting larger amount of thermal energy and lepton number. The average
energies of neutrinos for TM1e are higher due to higher temperature and neutrino chemical potential of dense matter
than those for TM1. High average energies of neutrinos may also contribute to increase the opacity for diffusion. The
future observation of supernova neutrino burst from the Galactic supernova may be able to examine this difference of
decreasing luminosities over 50 s at the Super-Kamiokande detector (Suwa et al. 2019).
5. DISCUSSION
Although the effect of symmetry energy on the post-bounce evolution in core-collapse supernovae is found minor
due to less neutron-rich environment, further studies are necessary to judge the consequence on supernova explosions.
First of all, the current study is limited to the effect of uniform matter at high densities. The effects of low density
part of the non-uniform matter with the small L value will be examined in numerical simulations by future study with
the construction of the modified Shen EOS table, which is currently underway. The small symmetry energy may alter
the fraction of free protons and nuclei under the nuclear statistical equilibrium by shifting the chemical potentials.
Such changes may lead to different reaction rates of neutrino emission and absorption. Electron capture rates during
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Figure 17. Time evolution of profiles of electron fraction (top) and neutrino chemical potential (bottom) is shown as a function
of baryon mass coordinate. Snapshots at 0, 1, 3, 5, 10, 20, 30, 40, 50 s are shown for TM1 (left) and TM1e (right) models.
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the gravitational collapse have influence on the neutrino trapping and the properties of central core at the bounce as
an initial configuration of shock propagation. Different composition of nucleons and nuclei including light ones at low
densities may affect the neutrino emission and absorption for neutrino heating (Furusawa et al. 2013a; Fischer et al.
2016; Nagakura et al. 2019). Secondly, the current study is done under the spherical symmetry. Although the effects
of EOS in multi-dimensional dynamics of core-collapse supernovae have been studied (Marek et al. 2009; Janka 2012;
Suwa et al. 2013; Couch 2013; Fischer et al. 2014; Pan et al. 2018; Nagakura et al. 2018), the adopted EOS tables
are limited and not systematic having various bulk properties. Recent systematic study suggests the effective mass
provides the largest uncertainty in the neutrino signal and it is influential for explosion (Yasin et al. 2018; Schneider
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et al. 2019b). Note that the effective mass for TM1e is the same as that for TM1 since there is no isovector-scalar
interaction involved in the extension. It would be interesting to take out the sole effect of the symmetry energy in
multi-dimensional supernovae by adopting the new EOS with the small L value since the properties of symmetric
matter are preserved as in the Shen EOS.
The minor effect in supernova cores found in the current study suggests importance of careful study on the bulk
parameters of nuclear matter in supernovae (See also Schneider et al. (2019b)). Although the change of symmetry
energy is large having different behavior of neutron matter, properties of less neutron-rich dense matter in supernova
core are similar between TM1 and TM1e EOSs. In this sense, it is important to explore effects of nuclear matter at
Yp ∼ 0.3 just above the nuclear matter density. Although the EOS of neutron matter is getting more constrained
by nuclear experiments, neutron star observations and gravitational wave detection, further efforts on nuclear matter
close to the symmetric situation remain essential through theoretical and experimental approaches in nuclear physics.
As we have seen the effect in the late phase of proto-neutron stars, the symmetry energy is essential to determine the
final form of neutron star or black hole. From the similar properties of central core around the bounce with different
symmetry energies, the outcome of long term evolution over 1 s may turn out to be different through configuration
of cold neutron stars and threshold to the black hole formation. Resulting emission of neutrinos at the late stage is
affected since the final form of central object is largely determined by the symmetry energy (See also Roberts et al.
(2012) on the effects through convection). The total energy of supernova neutrinos is accordingly affected by the
symmetry energy through the properties of cold neutron star. The information on symmetry energy may be derived
from the future detection of supernova neutrino burst.
Since the supernova neutrino database (Nakazato et al. 2013a) is constructed by using the Shen EOS, it would be
preferable to handle the data of neutrino emission with an expected modifications for predictions of neutrino bursts
and diffuse supernova back ground. Since the difference in symmetry energy has minor influence around the core
bounce and provides distinguishable differences in proto-neutron stars, we expect that the data of neutrino emission
for the early phase remains similar and those for the late phase may have slight enhancement in energy and flux with
TM1e EOS. Systematic study on the EOS dependence in the cooling of proto-neutron stars is studied (Nakazato et al.
2018; Nakazato & Suzuki 2019) and will be reported elsewhere.
6. SUMMARY
We study the influence of density dependence of symmetry energy at high densities in the numerical simulations of
gravitational collapse of massive stars and cooling of proto-neutron stars. We utilize the revised table of equation of
state (EOS) by the relativistic mean field (RMF) theory based on the Shen EOS table, which has been routinely used
for astrophysical simulations. In order to take out the symmetry energy effect by separating out other modifications,
we prepare a modified EOS table with a small symmetry energy and apply it to supernova simulations.
The RMF theory is extended by introducing the ω − ρ coupling term to describe the density-dependent symmetry
energy. This extension modifies the dependence of the symmetry energy in the RMF with TM1 interaction for the
Shen EOS table, which is claimed to be too strong in the current knowledge of constraints, under the exactly same
behavior of symmetric nuclear matter. Based on the systematic studies on the value of L, we adopt the case of L = 40
MeV (denoted as TM1e), which is in accord with the current experimental and observational data, among them.
We utilize the same RMF theory to construct the EOS table of uniform matter to cover the wide conditions at finite
temperature. We adopt the TM1e EOS beyond the density of 1014 g/cm3 by switching from the TM1 EOS in the Shen
EOS. By keeping the low density part of non-uniform matter as in the Shen EOS, we explore the influence of different
behavior of symmetry energy at high densities. We perform new simulations with the TM1e EOS table keeping other
settings and compare with the previous results obtained by using the Shen EOS.
We found similar evolution around the core bounce and a shorter evolution toward the black hole formation in
numerical simulations of neutrino-radiation hydrodynamics for the gravitational collapse of massive stars. In the case
of 11.2M and 15M stars, the profiles of central core in the TM1 and TM1e cases are closely similar around the
core bounce because the proton fraction is rather large (less neutron-rich) and the density is not so high up to 200 ms
after bounce. Associated properties of neutrino emission are essentially the same in the early post-bounce phase. In
the case of 40M and 50M stars, where the mass accretion is intense and non-explosion is inevitable, the difference
appears distinctively at ∼1 s having the higher density and temperature in increasing mass of proto-neutron stars. The
duration of the fatting proto-neutron star for TM1e is shorter than that for TM1 reflecting the different stiffness to
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determine the maximum mass. The neutrino burst continues up to the black hole formation and, therefore, is shorter
for TM1e than for TM1.
We found gradual growth of EOS difference in the cooling of proto-neutron star by numerical simulations of the
quasi-static thermal evolution with neutrino emission. The proto-neutron star in TM1e becomes more compact and
hot as compared with the case of TM1 during the evolution over 20 s. As the thermal evolution proceeds through
the deleptonization by neutrino emission, the dense matter becomes neutron-rich and the EOS influence gradually
appears reflecting the different symmetry energy. The evolutionary change of proto-neutron star is more drastic in
TM1e through larger neutrino emissions than in TM1. The neutrino luminosities and average energies in TM1e are
higher than those in TM1, leading to the larger total energy and number of neutrino emission with a large change
of configuration in TM1e. The decay of neutrino luminosities is slow, in contrast, due to the high density in TM1e
through the different time scale of diffusion.
The full table of the modified Shen EOS with TM1e including the low density part is under construction. It would
be interesting to study the influence of symmetry energy in non-uniform matter at low densities on the core-collapse
supernovae and proto-neutron stars. Symmetry energy effects in multi-dimensional simulations of supernovae remain
to be explored as applications of the TM1e EOS. The current study will be the basis to discuss the influence further.
It is also fascinating to perform other astrophysical simulations including neutron star mergers having the TM1e EOS,
which is compatible with cold neutron star profiles.
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